ABSTRACT: This material describes parameterization of allometric functions applicable to biomass estimation of European beech trees. It is based on field data from destructive measurements of 20 full-grown trees with diameter at breast height (dbh) from 5.7 to 62.1 cm. The parameterization was performed for total tree aboveground biomass (AB; besides stump), stem and branch biomass, respectively. The allometric functions contained two or three parameters and used dbh either as a single independent variable or in combination with tree height (H). These functions explained 97 to 99% of the variability in the measured AB. The most successful equation was that using both dbh and H as independent variables in combination with three fitted parameters. H, as the second independent variable, had rather a small effect on improving the estimation: in the case of AB, H as independent variable improved prediction accuracy by 1-2% whereas in the case of branch biomass by about 5%. The parameterized biomass equations are applicable to tree specimens of European beech grown in typically managed forests.
JOURNAL OF FOREST SCIENCE, 51, 2005 (4): 147-154 An interest in total tree biomass assessment is growing. It is mainly due to the importance of forests to mitigate climate change, i.e. specifically for the capacity of trees to sequester and store carbon. The national inventories and international commitments (United Nations' Framework Convention on Climate Change, Kyoto Protocol) require a more accurate assessment of carbon stock change in forests. This in turn requires a quantification of total tree aboveground biomass. The available data on forests have traditionally been focused on production indices. Specifically in the Czech Republic, production is expressed in merchantable volume defined as stem and branch biomass above a threshold diameter of 7 cm. Hence, data on the stand or tree level must be recalculated to total aboveground biomass using expansion factors (stand-aggregated data) or allometric functions (single-tree level data). Specific attention requires tree-level data because statistical forest inventory provides data on this level. The most important tree species in the Czech Republic are European beech, English and sessile oak, Scots pine and Norway spruce. While rather an extensive scientific literature dealing with allometric equations for spruce is available (e.g. WIRTH et al. 2004) , the reported allometry of other tree species, specifically of deciduous ones, is far less frequent. A rigorous quantification of total tree biomass for certain region requires locally parameterized allometric equations. Therefore an experiment with destructively measured components of full-grown beech trees was conducted. The aim of this paper was to parameterize a set of allometric equations for European beech (Fagus sylvatica L.) that could be used for quantification of total aboveground biomass and of its individual components, i.e. branch and stem biomass.
MATERIAL AND METHODS

Sample trees
The selected sample beech trees represent a set of 20 trees from four different stand localities (Table 1) .
Biomass functions applicable to European beech E. CIENCIALA, M. ČERNÝ, J. APLTAUER, Z. EXNEROVÁ
Three sample trees with diameters at breast height (dbh) from 30 to 40 cm, 112 years old, were selected in Jílové u Prahy locality (1). Other three sample trees with dbh from 6 to 15 cm, 40 years old, were selected in Jílové u Prahy locality (2). A 106-year old beech stand prepared for selective logging was selected in the Forest District Trhanov. It provided trees of smaller dimensions, namely trees with dbh from 26 to 39 cm. Finally, 120-year old beech trees with dbh from 31 do 62 cm were available in the Forest District Horšovský Týn.
All sample trees and fundamental biometric data used in this study are listed in Table 2 . Fig. 1 shows the dbh-H relation for all sample trees (n = 20).
Stem and branch biomass estimation
The measured data of sample trees included total stem volume, stem volume located in the crown, weight of stem section located in the crown and fresh weight of branches. The volume of stem and branch samples was obtained xylometrically. The weight of the above components was measured in situ and represented fresh weigh with unknown moisture content. Dry weight was estimated in the lab after oven-drying. In this study, only conventional wood density is used. It is defined as dry weight at zero moisture content (oven-dried samples) divided by the corresponding volume as measured in situ (fresh state). 
Allometric equations
The dependence of total aboveground biomass (AB) on the basic measurable biometric variables, i.e. dbh and total tree height (H), was estimated using three different functions, namely
Equation (1) is a classical exponential function that is most commonly used in biometric studies (e.g. ZIANIS, MENCUCCINI 2004). It contains two parameters (a, b) and a dependence of AB on dbh only. Equation (2) also contains two parameters, but the dependence of AB is expressed as a composition of two independent variables, dbh and H, in the form dbh 2 × H, which basically indicates volume. Equation (2) was earlier successfully deployed for spruce allometry e.g. by ČERNÝ (1990) . Finally, Equation (3) contains three parameters (a, b, c) . This equation is often parameterized in its linearized form by logarithmic transformation of both independent variables (e.g. HOCHBICHLER 2002). It must be stressed that although linearization may lead to a simplified parameterization procedure by avoiding nonlinear regression, it requires a reverse transformation that may produce a bias that must be statistically treated (e.g. ZAR 1968; SPRUGEL 1983) . It is hence advisable to avoid a possible estimation bias by applying a standard nonlinear fitting procedure directly using the form of Equation (3).
Research plot to compare allometric functions
A permanent research plot of beech stand was selected for a comparison of the tested allometric equations with other equations applicable to beech as published in literature. Plot No. 501118 was selected from the databank of permanent research plots in the Czech Republic, which is currently administered by the Forest Management Institute, Brandýs nad Labem. The plot is located in Natural Forest Area 6 at the elevation of 565 m. It is a monospecific beech stand, 89 years old in 1998. At that time the last measurement on the tree level was performed and used in this study. The frequency distribution of dbh in this experimental stand is shown in Fig. 2 . Tree stocking of this stand was 550 trees/ha.
RESULTS
Wood density
Conventional wood density estimated for the wood of stem was 575.5 kg/m 3 (SD ± 32.8, n = 56). As for the branch wood, conventional wood density was estimated at 560.1 kg/m 3 (SD ± 29.1, n = 23), i.e. a slightly lower value as compared to the density of stem wood (Fig. 3 ). These differences were statistically insignificant (t-test, P = 0.054). However, since the found test values were just marginally above the level of statistical significance (P = 0.05), the individually estimated density values were used for the specific components of aboveground biomass. The corresponding moisture content in wood at fresh condition was assessed to be 42.3% for tree stems and 45.7% for branch wood.
Proportion of stem and branch biomass
The proportion of branch and stem biomass assessed from the destructive experiment amounted to 15% and 85% of the total aboveground biomass, respectively (Fig. 4) . There was no dependence of these fractions on dbh, the linear regression of the dependence of stem proportion on dbh was insignificant (P = 0.574, r 2 = 0.02).
Allometric equations for biomass estimation
The simple exponential dependence of aboveground biomass (AB) on dbh according to Equation (1) explained 97% of the variability in the measured data (r 2 = 0.97, Table 3 ). The application of Equation (1) to express the dependence of the individual biomass components on dbh resulted in r 2 = 0.95 for stem and r 2 = 0.81 for branch wood. The parameterized Equation (1) for all biomass components is shown in Fig. 5 .
As expected, the forms of Equation (2) and (3), which deploy also tree height (H) as an independent variable, were more successful ( Table 3) . As for AB, the parameterized functions reached r 2 = 0.98 (Equation (2)) and r 2 = 0.99 (Equation (3)). The graphical comparison of the measured AB and estimations by Equations (1, 2, 3) is shown in Fig. 6 . Equation (3) was also the most successful form of dependence for stem (r 2 = 0.98) and branch biomass (r 2 = 0.85).
The asymptotic standard errors of parameter values were relatively largest for parameter a whereas they were smallest for parameter b, which is mostly associated with dbh (Table 3) . However, the effect of all parameters in the analyzed equations was always significant.
DISCUSSION
It is important to note that a detailed destructive analysis of full-grown beech trees in situ is very time-and labour-consuming, and hence also costly. It is unlikely that extensive destructive studies similar to those compiled in PAŘEZ et al. (1990) will be conducted again. The set of data analyzed in this study reflects the available resources. Although it does not allow to do allometry analysis differentiated according to growth conditions, it still represents a very valuable set of data for constructing robust allometric equations.
A necessary step for preparation of the final set of data required for parameterization of allometric equation was the assessment of conventional wood density. The estimated density found here for stem wood corresponds well to the value of 580 kg/m 3 recommended by Intergovernmental Panel on Climate Change in its Good Practice Guidance (IPCC 2003) . A slightly higher density for stem wood as compared to that of branches likely reflects the relatively lower proportion of bark and phloem tissues in stems relative to branches.
Tree height (H) as the second independent variable used in Equations (2, 3) improved the estimation relative to basic Equation (1) involving dbh only (Table 3) only slightly, namely by about 1 or 2% for AB and by 3 and 4% for stem and branch biomass. A similar or even less significant contribution of H was reported for beech allometry by BARTELINK (1997) and CORBYN et al. (1988) .
The performance of the parameterized equations can be appraised by comparison with other available biomass functions published elsewhere. This was performed on selected research plot of beech No. 501118. The allometric equations for aboveground biomass (AB) of European beech were published by BARTELINK (1997), PRETZSCH (2000) and HOCH-BICHLER (2002) . These studies were based on data from the experiments in the Netherlands, Germany and Austria. Additional resource represents a generalized equation applicable to broadleaved species of temperate regions (SCHROEDER et al. 1997) . It was estimated from an extensive empirical material collected in the Northeast of the USA. As it is obvious from Fig. 7 , the last named equation shows the smallest values of AB relative to other functions, which probably reflects a different character of forest ecosystems in the American Northeast as compared to the more intensively managed beech stands in Central Europe. Other equations were more similar in their quantification of AB. Specifically important is the agreement of Equation (3), which was the most successful in parameterization on the data collected for this study, with that of BARTELINK (1997) and The differences observed in Fig. 7 imply different estimation of total AB. For example, in the selected test stand of beech, AB density as estimated by parameterized Equation (3) would be 422 t/ha. Relative to this estimate, parameterized Equations (1, 2) and the functions of BARTELINK (1997) and HOCH-BICHLER (2002) would quantify AB within 3%. The application of the generalized function according to SCHROEDER et al. (1997) would underestimate AB by almost 25%. Note, however, that the actual difference in quantifications by different equations would also be affected by the specific distribution of trees in the stand.
The parameterization of branch biomass was less tight as compared to the parameterization applied to stem biomass (Table 3) . Still, the explained variability in the empirical data can be considered high, namely as for Equation (3) that explained 85%. This equation used a combination of two independent variables and three parameters. On the other hand, Equation (2) was shown to be least useful for the application to branch biomass. This is likely due to its specific form intended to approximate the volume of simple bodies. This apparently works well on tree stems, but not on the complex structure of branches. This paper analyzed only the allometric functions involving the two fundamental measurable characteristics of trees, i.e. dbh and H. However, it is likely that other biometric parameters and their specific combinations may be needed for a more accurate quantification of stem and branch biomass. The analysis of effective parameters for remote crown biomass quantification will be the subject of our next study.
Another important point to mention concerns the terminology usage. The term aboveground biomass (AB) is not always clearly defined. Here, AB includes that part of aboveground tree biomass that excludes foliage and stump. While the foliage of broadleaves is not usually considered as a "long-term" biological storage, the treatment of stump should always be mentioned in the definition of AB. A rare quantification of stump is included in the paper of PAŘEZ et al. (1990) , who defined the proportion of stump volume in relation to the volume of merchantable wood and dependent on mean tree dbh in the stand. This approximation may also be applied to the level of individual trees. According to PAŘEZ et al. (1990) , the proportion of stump is relatively most important for the smallest dbh, where stump accounts for ca. 3% of the stem volume. Stump volume becomes relatively less important for dbh close to 20 cm and accounts for about 1.5% of the stem volume. For larger dbh, the proportion of stump slowly increases and reaches values slightly above 2% of the stem volume for the largest trees.
The demonstrated parameterization of three basic allometric functions for assessment of aboveground biomass and its major components was optimistic in terms of large percentage of explained variability in the empirical data. Still, these equations must be applied cautiously. It cannot be expected that a trustable estimation will be obtained for trees growing in extreme site conditions and specifically for trees growing as solitaires. Such tress will contain a significantly higher proportion of wood biomass allocated in branches. Therefore, the recommended usage of the parameterized equations is limited to beech trees growing in the standard conditions of classically managed forest stands excluding extreme sites. 
